Scrapie-associated fibrils (SAF) were isolated and purified from animals infected with three different scrapie agents: ME7 and 139A in mice, and 263K in hamsters. Mouse ME7 and 139A SAF differed from hamster 263K SAF in morphology, sedimentation rate and protein composition. SAF from the three scrapie agents were distinguishable from each other by their sensitivity to proteinase K digestion. SAF copurified with infectivity in both the hamster and mouse systems. SAF appear to be a unique class of structures which are related but specific for each individual scrapie agent. These properties may correlate with the biological and pathological differences seen among these agents.
INTRODUCTION
One of the key discoveries in the study of unconventional slow virus diseases has been the ability to distinguish various strains of scrapie agent employing the mouse model system (Bruce & Dickinson, 1979) . It has been possible to separate scrapie isolates according to genetically controlled parameters of incubation period (Dickinson & Fraser, 1977) and histopathological change (Fraser, 1976) within inbred mice of defined sinc phenotypes. These distinct phenotypic properties among scrapie agents suggest the existence of differences at the molecular/eve/. The observation of a disease-specific morphological structure, scrapie-associated fibrils (SAF), in a variety of natural and experimentally induced unconventional slow virus diseases (Merz et al., 1981 (Merz et al., , 1983a (Merz et al., , b, 1984 McKinley et al., 1983) raised the possibility that SAF could represent the infectious form of the scrapie agent. Indeed, a strong association exists between infectivity, SAF and a scrapie-specific protein (Bolton et al., 1982; Diringer et al., 1983a, b; Hilmert & Diringer, 1984) in hamsters. On the other hand, if SAF are not infectious, they may still represent a specific consequence of infection, in the same manner as the type and distribution of lesions induced by each scrapie agent. SAF are the example of a marker with morphological and molecular characteristics which can be used to examine the diversity among scrapie agents. In this study comparisons were made between purified SAF from hamster 263K agent and mouse ME7 and 139A agents.
METHODS
Animals and scrapie agents. Female C57BL/6J mice (Jackson Laboratories, Bar Harbor, Me., U.S.A.) were infected with mouse scrapie agents ME7 or 139A (Merz et al., 1981) . These agents had been passaged three or more times in C57BL/6J mice. Hamsters of the LVG strain (Charles River Breeding Laboratories, Wilmington, Mass., U.S.A.) were infected with 263K agent (Kimberlin & Walker, 1977) . Animals were routinely inoculated intracerebrally with a l ~ homogenate of brain from previously infected animals (0.03 ml for mice, 0.04 ml for hamsters). Mock-infected animals were inoculated with a 1 ~ homogenate from normal animals. Animals were killed after exhibiting clinical signs for 3 consecutive weeks and their brains were stored at -70 °C.
Purification ofSAF. A modification of the procedure of Diringer et al. (1983b) was employed to purify SAF.
Twenty-four mouse brains or 12 hamster brains were homogenized in 100 ml of TBS (10 mM-Tris HC1, 133 mMNaCl, pH 7.4) containing t0 ~tg/ml proteinase K (PK) (Merck) using a Tekmar tissumizer model TR-10 (maximum setting, 3 x 15 s). Homogenates were clarified at 1500 g for 10 rain. The pellets were washed with 50 ml TBS containing 10 ug/ml PK and the supernatants combined. Following incubation at room temperature for 1 h, phenylmethylsulphonyl fluoride (PMSF) (Sigma) was added to a final concentration of 0.05 mM. The pH of the homogenate was adjusted to 8.3 by the addition of Tris. CaCI, and micrococcal nuclease (Sigma) were added to final concentrations of 2.5 mN and 1 ~tg/ml respectively and the solution was incubated at 37 °C for 1 h. The solution was clarified at 1500 g for 5 min and a pellet was obtained after centrifugation at 26 000 g for 40 min. The pellet was resuspended in TBS containing 1 ~ Sarkosyl, sonicated (Branson Sonifier model 185 using a microtip at 25 W intermittently until all particulate material was resuspended) and incubated overnight at room temperature.
Following an additional sonication, SAF were pelleted at 230000 g for 2.5 h. This pellet was resuspended by sonication in TBS containing 1 ~ Sarkosyl and 10~ NaCI, and re-pelleted at 230000 g for 3.5 h. The resultant pellet was resuspended by sonication in 1 ml TBS containing 10~ NaC1 and 1 ~ sulphobetaine 3-14 (SB 3-14, Calbiochem) and centrifuged through a 5 to 20~0 sucrose gradient at 210000 g for 6 h. The pellet was resuspended and layered on a sucrose gradient as described above. Following centrifugation at 150000g for 90 min in a SW41 rotor, the gradients were fractionated into fraction 1 (top 3 ml), fraction 2 (middle 5 ml) and fraction 3 (bottom 3 ml). SAF were concentrated by dilution of each fraction in TBS and pelleting at 210000 g for 5 h. Samples of original homogenates prior to addition of PK and of the purified fractions of SAF were monitored for infectivity. C57BL/6J mice or LVG hamsters were inoculated intracerebrally as described previously and infectivity titres determined by incubation period or endpoint titration (Dickinson et al., 1969; Prusiner et al., 1982) .
Electron microscopy. Rate-zonal gradient fractions were examined directly or following various treatments as described below. SAF were examined both directly from rate-zonal gradients and in the concentrated pellet following ultracentrifugation. One drop of each sample was applied for 1 min to 400-mesh copper grids freshly carbon-coated by glow discharge. Excess fluid was drained with filter paper and the sample was washed with distilled water and stained for 1 min with one drop of 2~ uranyl acetate. The grid was air-dried and examined using a Philips E M 300 or EM420 at 80 kV. The counting of SAF was performed as follows. Grids were scanned at low magnification to ensure evenness of staining and SAF distribution. SAF were then counted in five to ten representative grid squares. For solubility and degradation studies, all samples were coded and counts obtained in a similar manner.
Polyacrylamide gel electrophoresis (PA GE)
. SA F were solubilized in 2 ~ SDS, 1 ~ 2-mercaptoethanol, 0.125 MTris pH 6.8, boiled for 4 min and electrophoresed in the discontinuous gel system of Laemmli (1970) . The resolving gel was either 12 ~o or a 10 to 15 ~o acrylamide gradient; the stacking gel was 4~o polyacrylamide. Gels were stained using the Bio-Rad silver staining kit according to the method of Merril et al. (1981) . Routinely, gels were silverstained, destained (as described in the Bio-Rad kit) and re-stained with silver since this procedure increased the staining intensity of SAF proteins (see results). The concentration of SAF proteins was determined by comparison to known concentrations of ovalbumin and chymotrypsinogen (Sigma) in silver-stained polyacrylamide gels.
Solubility and degradation studies. Purified SAF were treated with various concentrations of SDS at 37 °C for 1 h and monitored by negative stain electron microscopy and PAGE. Purified SAF were also treated at 37 °C for 2 h with 50 ~tg/ml PK, 50 ~tg/ml trypsin (Sigma) and 50 gg/ml PK (final concentrations) in the presence of 0.5 ~ SDS. Following treatment, PMSF was added to samples containing PK to a final concentration of 0-05 mM. samples were processed as above for evidence of degradation of SAF and SAF protein.
RESULTS
In previous studies (Diringer et al., 1983a, b) , a protocol was devised to isolate and purify infectious agent from 263K-infected hamster brain. Infectivity and SAF co-purified using this procedure. Modifications were made to obtain purified SAF from scrapie-infected mice (see Methods). The major changes involved the use of a single PK treatment and an increase in both acceleration (g) and centrifugation time needed to pellet SAF following detergent treatment. The need to make such modifications in order to obtain good yields of mouse SAF was the first indication of physical differences between SAF isolated from mice and hamsters. Using this modified procedure, SAF were isolated from hamsters infected with 263K and mice infected with ME7 or 139A.
In the final stage of purification, the rate-zonal gradient was divided into three fractions and the SAF within these fractions examined by negative stain electron microscopy. Fractions from mock-infected animals revealed very little morphologically identifiable material, having ferritin as the major contaminant (Fig. 1 a) . The highest concentration of 263K SAF was seen in fraction Fig. lb) at 1000 to 2000 per grid square. Fraction 1 contained less than half of the concentration seen in fraction 2; there was even less in fraction 3. The distribution of S A F in gradients containing mouse material indicated that they possessed a lower sedimentation rate than hamster SAF. Fraction 1 contained only slightly fewer S A F than fraction 2 for both ME7 and 139A (Fig. 1 c, d respectively) . Little or no mouse SAF were seen in fraction 3. The yield of ME7 SAF was 100 to 150 per grid square in fraction 2 while for 139A it was only 50 to 100 per grid square. These differences between ME7 and 139A in the concentration of SAF were in contrast to approximately equal yields of SAF obtained in less purified preparations (Merz et al., 1981) . The ultrastructural appearance of S A F from the different agents also varied. ME7 and 139A SAF were consistently longer (100 to 200 nm) than 263K SAF (50 to 100 nm). The individual filaments constituting SAF were more easily visualized in mouse SAF, which suggests packing or assembly differences between them and hamster SAF.
(
SAF from each of the scrapie agents were concentrated by ultracentrifugation and analysed by PAGE. Sonicated SAF were found to be readily soluble in 2~ SDS as determined by negative stain electron microscopy. Therefore, these conditions were used to study S A F polypeptide composition. SAF from 263K were composed of a single polypeptide yielding a diffuse band at 26K to 28K (Fig. 2) . This protein appears to be identical to that previously described (Diringer et al., 1983 b) and very similar to 263K PrP protein (Bolton et al., 1982) . In contrast, ME7 and 139A
263K
139A ME7 SAF contained three polypeptides, 26K to 28K, 23K to 24K and 21K to 22K, which appear to be present in approximately equal concentrations (Fig. 2) . In comparison to SAF fractions, samples of fraction 2 from mock-infected mice or hamsters electrophoresed at equal brain equivalents did not contain polypeptides in these molecular weight ranges. Ferritin was seen at 18K in most preparations. The yield of SAF-specific protein(s) was approximately 1 to 2 gg per 263K-infected hamster brain, 0.05 to 0.1 p.g per ME7-infected mouse brain and 0-025 to 0-075 ~tg per 139A-infected mouse brain. These values were obtained by comparison of the staining intensity of SAF proteins with known concentrations of standard proteins as described in Methods. The difference in protein yield was in agreement with differences in SAF concentration obtained by negative stain electron microscopy.
Fractions from mock-infected animals contained only one-quarter to one-fifth of the protein per brain equivalent than was found in fractions from scrapie-infected animals. Therefore, in order to determine whether the polypeptides seen in SAF fractions might be due to overproduction of normal host proteins, samples from scrapie-infected and mock-infected animals were electrophoresed at equal protein concentrations. The protease sensitivity of the proteins in these samples were also compared. Under these conditions, normal proteins in the 21K to 28K range did become evident (Fig. 3) . Fraction 2 from mock-infected mice revealed bands at 26K and 23K while mock-infected hamsters contained a 26K protein. However, compared to the diffuse banding pattern of SAF polypeptides which is independent of protein concentration, host proteins formed discrete thin bands. In addition, the intensity of the staining of SAF protein bands was dramatically increased following destaining and re-staining with silver. This unusual property was not seen in the staining of the host proteins. Host-and SAFspecific proteins also possessed different susceptibilities to proteolytic digestion. Host proteins were completely degraded under non-denaturing conditions either by trypsin or PK treatment (50 ~tg/ml at 37 °C for 2 h; Fig. 3 4) were processed as described in Methods. PAGE was performed as described in Fig. 2 using a 1.2~ resolving gel. Gels were stained with silver as previously described. NM, Mock-infected mouse; NH, mock-infected hamster.
resistant to trypsin digestion under these conditions, results which suggested that they are indeed different from those seen in mock-infected samples. The sensitivity of SAF-specific proteins to PK digestion appeared to vary among the different agents. SAF proteins from 263K infections were relatively insensitive to PK digestion under non-denaturing conditions and mild denaturing conditions (0.5 ~o SDS; Fig. 3) . Similar results to those reported here for both trypsin and PK sensitivity were previously described for PrP protein from 263K-infected hamsters (Bolton et al., 1982; McKinley et al., 1983) . SAF from ME7 and 139A were more susceptible to degradation by PK, and SAF from ME7 were more susceptible to PK under both non-denaturing and mild denaturing conditions than 263K SAF. Likewise, 139A SAF were more susceptible than ME7 SAF. All three mouse SAF-specific proteins appeared to be equally susceptible to PK. Since SAF from ME7 and 139A scrapie agents were isolated from the same strain of mice under the same purification conditions, the differences in susceptibility to PK would appear to be related to the agents themselves. A direct correlation was demonstrated between enzyme-induced loss of SAF structure by negative stain electron microscopy and the degradation of SAF-specific proteins by P A G E for all three agents. The loss in ability to visualize SAF under the microscope (counts per grid square) (Table 1) paralleled a decrease in SAF protein concentration as measured by silver-staining of polyacrylamide gels (Fig. 3) .
Various studies have indicated a relationship between SAF or SAF protein and infectivity in the hamster-263K scrapie model (Bolton et al., 1982; Hilmert & Diringer, 1984) . This study also demonstrated a correlation between SAF and infectivity in ME7-infected animals. Table 2 presents the results of one experiment using ME7-infected mice and one experiment using 263K-infected hamsters. Fraction 2 contained the highest concentration of SAF, SAF protein and infectivity in ME7-infected animals. The reverse was true for fraction 3 which contains little SAF, SAF protein or infectivity. We have also confirmed the 263K studies in which the same three entities, SAF, its protein and infectivity, co-purified. Comparisons between infectivity in the original homogenate and purified fractions 1 and 2 indicated a recovery of approximately 6~ of ME7 infectivity ( Table 2) . Recovery of 263K infectivity was approximately 1 ~, but this may reflect our isolation conditions since the procedure which was employed had been optimized for recovery of mouse SAF.
DISCUSSION
This study has demonstrated differences in SAF isolated from three different scrapie agentsi The most striking difference was the polypeptide composition of 139A and ME7 SAF compared to 263K SAF. Differences in sedimentation and morphology were also seen between mouse and hamster SAF. At present, it is not known whether these differences are intrinsic to the agents themselves or can be attributed to species differences between mice and hamsters. Studies on patients with Creutzfeldt-Jakob disease indicate that SAF (prions) isolated from a single species (human) can differ in polypeptide composition (Bockman et al., 1985) . SAF from each scrapie agent appeared to be distinguishable by their susceptibility to PK, 263K SAF being most resistant and 139A SAF being most sensitive. The sensitivity of SAF to PK degradation appeared to be directed at least in part by the scrapie agents themselves and not by the host species. The lower yields of 139A SAF may be a reflection of this greater sensitivity to PK. Our results are in agreement with an earlier study in which 139A appeared to be more susceptible to proteinase K than was the 263K infectious agent (Lax et al., 1983) . As stated earlier, the fact that such biophysical and molecular differences exist among SAF is not surprising in light of the biological differences among these agents with regard to species specificity, incubation period and pathological changes.
The specific properties of SAF may be encoded by the infectious agents themselves or be controlled in some way by the host species. This study confirms previous correlations seen between SAF, SAF protein and infectivity. It still remains to be proven whether SAF (and its protein) are the structural manifestation of the agent or simply structures that co-purify with infectivity. Electron microscopy and PAGE studies relative to concentration, solubility and degradation properties clearly establish the characteristics of SAF protein derived from each of these three scrapie agents. In addition, our studies add further evidence to the concept of identity between SAF and the infectious agent. The differences among SAF reported here would indicate that the agent itself imparts at least partial control on SAF properties. The relationship among scrapie intra-agent and inter-agent polypeptides and their kinship to host proteins is unknown. Similar proteins are not seen in fractions from mock-infected animals. The failure to find similar proteins in the latter could be related to quantitative differences, faster turnover of these proteins in normal animals, differences in post-translational modifications or simply the inability to isolate these proteins from normal animals using this protocol. The relationship of SAF polypeptides to host proteins is being investigated using antibodies raised to 263K SAF protein (Bendheim et al., 1984; Diringer et al., 1984) and ME7 SAF protein (R. J. Kascsak et al., unpublished). The similar diffuse banding pattern, silver-staining characteristics and insensitivity to trypsin digestion suggest that all SAF-specific polypeptides belong to a unique class of proteins. SAF from all three agents possess a 26K to 28K protein. Western blot analysis of 263K PrP protein has revealed a polypeptide profile very similar to those reported here for mouse SAF (Bendheim et al., 1984) . It would also appear that the three SAF polypeptides of ME7 or 139A, because of similar susceptibilities to proteases, are likely to be related either through post-translational modification or processing of a precursor molecule. A higher molecular weight protein of 40K to 50K has occasionally been seen in both mouse and hamster SAF preparations but not in control fractions (results not shown). SAF from different scrapie agents are related but molecularly distinct structures whose uniqueness may be a key to our understanding of biological differences among unconventional slow virus agents.
